The effect of the local electronic modification of the graphite surface on the gas-graphite 
Introduction
The gas-surface energy transfer process is closely related to the thermal properties of the material surface such as thermal conductivity and adiabaticity. It is also related to the surface chemical reactivity and catalytic activity because the gas-surface collision is the initial step of the surface chemical reactions. The graphite surface is known to have large anisotropy in the thermal properties between parallel and perpendicular to the c-axis of the crystal [1] because it is made from stacking of two-dimensional hexagonal lattices with weak interlayer interaction.
When heavier gas such as Xe collides, the graphite surface behaves as "trampoline" due to a corporative motion of carbon atoms at the top-most graphene layer [2, 3] . The corporative motion is governed by the C-C bonds composed of σ-bonds and π conjugated system of the graphite surface [4] . When the π conjugated system is broken, the specific electronic states, "the non-bonding π electronic states", are known to form on the surface. The states are spontaneously formed near the zigzag edge of the graphite as 'edge-state' [5] . It has been found recently that the states are also formed around the vacancy defects on the graphite surface [6] , i.e., the physical and chemical properties of the graphite surface around the defect are modified.
It is thus expected that the collision dynamics of the molecule near the defects is different from that for the pristine graphite surface.
To understand the gas-surface energy transfer process at such sites of the graphite, molecular beam scattering techniques are available. It is expected that the He atom scattering can sensitively detect the electronically modified area of graphite quantitatively without any 3 perturbation of the surface. The He atom scattering measurement is a widely used tool to analyze the surface structure because of its small mass and chemical inertness [7] [8] [9] [10] [11] [12] [13] [14] [15] . The sensitivity of the He for the detection of the morphological change is known to be extremely high owing to the large scattering cross-section of the low energy He atom towards adsorbed molecule or defect [7] [8] [9] [10] [11] [12] [13] [14] [15] . The objects on a surface cause the modulation of the attractive potential for He to the surface. On the other hand, the Ar scattering measurement can be used as a probe of the gas-surface energy transfer by a collision event. Because of the heavier mass of Ar than carbon of graphite, the scattering of Ar with thermal translational energy should dominantly show multi-phonon (and electron-hole pair excitation) inelastic scattering.
Analyzing the mechanism of such an inelastic scattering event provides important insights such as effective mass of the surface, trapping probability, energy dissipation process of the projectile particle by the collision and so on. Manson has already established sophisticated analytical descriptions to represent such an inelastic scattering of the molecule by the classical scattering theory [16] . The theory is applicable for the wide scattering conditions even for the scattering of the molecule such as CH 4 which has several internal energy modes. As another analytical theory, the hard cube model (HCM) [17] is well known as a classical binary collision theory to delineate trends in multi-phonon scattering of atoms and molecules from flat metal surfaces.
The advantage of the model is its simplicity. It requires only one parameter of the effective surface mass to analytically calculate the multi-phonon scattering.
In this work, we have measured angular intensity distributions of He and Ar beams scattered from the pristine and defect induced (Ar + ions sputtered) graphite surfaces at several surface temperatures. The modified electronic structure of the graphite surface has been discussed based on the He scattering results, scanning tunneling microscopy (STM) and spectroscopy (STS). The effects of the electronic modification upon the gas-surface collision 4 dynamics of Ar are then studied with the analysis of HCM.
Experimental
The experimental apparatus used for the molecular beam scattering has already been described elsewhere [18, 19] . The coherent length of the helium, the energy resolution and the angular spread of the beam in the apparatus were established as ω= 16 nm, ∆E/E = 2.4 %, and ∆θ = 0. Ar seeded in He) beam is generated by free-jet expansion from a pinhole of a cylindrical nozzle and skimmed using a conical skimmer. The diameter of the nozzle pinhole is set to 0.05 mm.
Stagnation pressure in the nozzle is controlled by a commercial gas regulator from 1 to 100 atm.
During the measurements, the temperature and stagnation pressure of the nozzle were kept at room temperature and 1.5 atm, respectively. The translational energy E i and ∆E i /E i of the He or Ar beam at the same condition used in this work is experimentally identified by the time-of-flight
technique as E i = 64 meV and ∆E i /E i = 27.1 % for He [4] and E i = 314 meV and ∆E i /E i = 17.7 % for Ar [18] , respectively. STM images and STS spectra were taken at the different UHV low-temperature STM chamber [20] (UNISOKU, USM-1500) which has a base pressure of 2×10 -10 Torr.
The sample surface of highly oriented pyrolytic graphite (HOPG, ZYA-grade, Panasonic, 12 mm × 12 mm × 1.5 mm) was cleaved in air by adhesive tape and then put into a UHV chamber. The HOPG sample was mounted to a sample holder which can be cooled down to 90
K by a cryogenic refrigerator head (Iwatani CryoMini S050) and can be heated by the infrared radiation from a hot W filament placed close to the back side of the HOPG sample. The surface temperature of HOPG was measured by a type-K thermocouple attached on the edge of the 5 sample surface by a Ta clamp. Prior to the experiment, the HOPG sample was annealed at 900 K in UHV for 5 min in order to clean the surface. Defects of graphite were created by Ar + ion bombardment of HOPG at room temperature by using the commercial ion-gun (ANELVA, 5-KV ion gun). The sample was bombarded with Ar + ions of 300 eV at the normal incidence.
The total ion doses on the sample were set to be lower than 1.0 × 10 13 ions/cm 2 , which has been measured independently by the Faraday-cup.
After the defects creation, the sample was heated to 800 K to remove the implanted Ar.
The surface morphology and electronic structure ware examined by low temperature STM with a PtIr tip at 5 K. STM images were recorded in constant-current mode.
The angular intensity distribution measurement is carried out for scattered He or Ar atoms from the surface by rotating the sample along the axis perpendicular to the beam line with an accuracy of ±0.1°. Throughout the present study, both incident and scattering angles are defined with respect to the surface normal direction. The sum of the incident and scattering angles has been fixed at 90°.
Result and Discussions
In this section, the results of STM and STS were presented at first in section 3.1 as the characterization of the local geometric and electronic structures of the HOPG surface after the irradiation of Ar + ions. The angular intensity distributions of He and Ar from pristine and defect induced graphite surfaces are then presented with the analysis in section 3.2 and 3.3, respectively.
STM and STS of defect induced graphite surface
The typical STM image of the graphite surface after the irradiation of Ar + ions with 300 suggesting that the defect does not significantly perturb the electronic structure at point A. On the other hand, a huge dI/dV peak appears at ≈150 mV in the spectrum of carbon at point B,
indicating that a new electronic state appears at the unoccupied region due to the perturbation of the electronic states of graphite by the defect. We have assigned the states as the non-bonding π electronic states of graphite. They propagate non-uniformly up to 3-4 nm from the defect. The details of the states assignment, states propagation, states energy and states intensity are discussed in detail elsewhere [6] .
Angular intensity distribution of He
The angular intensity distributions of He scattered from the sample surface are shown in figure 2. The distribution from the pristine HOPG surface significantly depends on the surface temperature. The dependence shows the transition of the scattering event from quantum 7 mechanical scattering to the classical mechanical scattering of He as has been reported in our previous work [4] . At 150 K, the elastic scattering component at θ f = 45 o , i.e., specularly reflected intensity, was clearly identified as a sharp peak. Two diffraction peaks at around 35 o and 55 o were also identified as the first order diffraction peaks of (1, 0) and (-1, 0) as shown by arrows. The result suggests that the pristine HOPG surface has large-size domains, each of which has a uniform lattice arrangement of graphite. With the increase of the surface temperature, the elastic scattering component decreases due to the Debye-Waller effect [11, 12] .
At the higher surface temperatures such as at 400 K, no sharp elastic peak could be observed at Such a diffuse scattering component has little contribution to the specularly reflected intensity [9, 10, 24] . With the increase of the surface temperature, the specularly reflected intensity at 150 K significantly decreased due to the Debye-Waller effect. At 400 K, it became almost impossible to distinguish the difference of the angular intensity distribution between the pristine and the Ar + sputtered HOPG surfaces.
The decay of the specularly reflected intensity of He due to the presence of the defects 8 can be quantified by using the concept of the cross-section for diffuse scattering. The cross-section of He atom scattering is known to be large, e.g., that for the CO/Pt(111) surface at very low CO coverage (θ CO ≼ 0.01) is about 1 nm 2 [9, 10] . In order to obtain the cross-section for the He diffuse scattering per defect on graphite, we have used the following simple equation [24] ; 2 ), Σ is the cross-section for the He diffuse scattering, and Θ is the coverage of defects.
The coverage is defined as the ratio of the number of defects to that of surface carbon atoms.
The coverage of the defects was estimated as 0.0017 based on several STM images such as that shown in figure 1a [25] . The cross-section for the He diffuse scattering (Σ) derived from the results at 150 K is 113 nm 2 . It is two orders of magnitude larger value compared to the typical cross-sections for the He diffuse scattering by the adsorbates on metal surface. Even considering the average diameter of defects which has been estimated about 3 nm from STM (figure 1b), it is still one-order of magnitude larger than typical value.
The origin of the large cross-section can be interpreted due to the long range electronic perturbation of the graphite surface around the defect. As shown in figure 1a, STM measurements have revealed that the (√3×√3)R30 o superstructure appears around the defect of the graphite surface. The structure has been ascribed to the charge density oscillations similar to
Friedel oscillations [22, 23] . Our STS measurements directly further indicate the change in the electronic structure around the defect as shown in figure. 1b. Such an electronically modulated area is probably regarded as the defect area for the He atom incoming to the graphite surface,
i.e., He atom sensitively detects the electronically modulated area around the defect of the 9 graphite surface. In other words, the graphite surface looks flat to the STM around the superstructure, but it is corrugated to the He beam (either in the attractive or repulsive part). Figure 3a shows the angular intensity distributions of Ar scattered from the pristine HOPG surface at a wide surface temperature range. The distribution has a single peak at around The graphite surface consists of the π conjugated system which originates from the resonance of the 2p Z electron orbital of the carbon. Therefore, the Ar atom may interact with the delocalized π electron cloud of the pristine HOPG, as suggested by the large effective mass of 114 u. However, once C-C bonds of graphite are broken by the Ar + ions irradiation, the localized non-bonding π electronic states are induced not only at defect but also at around the defect of the graphite surface as shown in figure 1 due to the breaking of the π conjugated system [6] .
Angular intensity distribution of Ar
Such a localized π electron leads to the weak C-C binding energy. Indeed, low energy shift of the phonon modes has been reported at such an electronically modified carbon atoms around the Pt cluster on graphite based on the inelastic electron tunneling spectroscopy (IETS) [20] .
Because of the weak C-C bonds of the graphite around the defect, the corporative motion of the carbon towards the colliding Ar may not exert effectively. The larger energy transfer of Ar to the graphite surface therefore occurs around the defect of the graphite surface.
Conclusion
We In the sample used for Ar scattering measurements, the total area of ion-induced defects is about 2% of the surface area. We note here that when the defect density of the HOPG surface becomes larger, the component 2 in the Ar distribution disappears and broader distribution of component 1 is observed possibly due to the large amount of corrugation at the damaged surface. Machida and Junji Nakamura
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